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ABSTRACT

The influx of flood-induced turbidity flows with high sediment concentrations into the reservoir can create sediment deposition issues, poten-
tially jeopardizing water supply reliability. Efficient management of reservoir water resources is imperative for sustainable utilization.
Evaluating the need for reservoir desilting involves comprehending the inflow and outflow dynamics of water-sediment discharges, the
capacity of existing outlet structures, reservoir operation objectives, and available desilting technologies. However, given the altering hydro-
logical conditions due to the impacts of climate change, there is a necessity for adaptive methods to ensure reservoir storage maintenance.
Consequently, this study introduces the utilization of a flushing channel with artificial guiding structures to enhance desilting efficiency. A 2D
numerical model offers convenient computational tools for assessing water-sediment transport behaviors across various operational scen-
arios based on reservoir management strategies. Data obtained from field observations is collected and analyzed to calibrate and verify the
numerical model. By employing 2D numerical modeling, sediment concentration and desilting efficiency are calculated to support effective
desilting operations within a reservoir. Simulation results indicate that the integration of additional artificial guiding structures at the bottom
of the reservoir can enhance sedimentation mitigation outcomes by approximately 17.63% under normal conditions and by 5.27% under
extreme hydrological conditions.
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HIGHLIGHTS

® A typical method is to prevent sediment movement toward the dam. We propose a new concept to partially guide and concentrate inflow
sediment using artificial structures toward the outlet. This concept has not been proposed or discussed before.

® \We present the contribution of adapted artificial countermeasures under different hydrological conditions that can provide a reference
strategy for worldwide reservoir management.

1. INTRODUCTION

The construction of dams typically involves planning for a life expectancy of 100 years, providing ample dead storage capacity
to sustain functionality over this period through the gradual accumulation of sediments (Wieland 2010). Despite this fore-
sight, reservoir deposition, a sedimentation process, poses a significant challenge to both storage capacity and flood
control ability. Reservoir sedimentation emerges as a crucial issue in dam construction, leading to a gradual reduction in
the active storage of global reservoirs each year. This decline has prompted a growing necessity for building new reservoirs,
contributing to an ongoing loss of storage space. It is reported that the loss in the reservoir storage capacity worldwide ranges
from 0.5 to 1% per annum (Wisser et al. 2013). In the Asian region, the loss in the reservoir storage capacity rises to 2.9%
(WRA 2020a). Reservoir sedimentation is caused by the gradual deposition of an incoming sediment load from its catchment.
The issue of reservoir sedimentation has caused significant problems in many parts of the world, resulting in severe impli-
cations for water conservation, flood control, and energy production. The sediment settling phenomenon in the reservoir
is influenced by various factors, including the hydrology of the catchments and the characteristics of the river basin. A
humongous structure like a dam, even though highly beneficial, eventually becomes a cause of problems in our naturally
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balanced river ecosystem. Sediment inflow and outflow are naturally balanced in the streams with no obstruction. Structures
like dams disturb this naturally developed balance. As the sediment-laden flow reaches the reservoir, its velocity decreases as
it approaches the dam body. This decrease in the velocity causes the settling of the suspended sediments destined to flow
downstream in the suspended state only. Reservoir sedimentation has been a problem for a very long time, but it received
little to no attention in the early 20th century. Unfortunately, no single permanent solution was developed to tackle the pro-
blem of reservoir sedimentation during the dam’s operation period. It is neither cost-effective nor environmentally sustainable
to demolish the existing dam to restore the reservoir’s storage capacity and sediment balance. Thus, a responsibility lies on the
shoulders of the researchers to develop better and more effective management techniques so that there is enough reservoir
storage to fight the problems of heavy flooding and drought. With the unusual climate change, the frequency of floods and
droughts is likely to increase in the future. Thus, it has become essential to develop a technique to mitigate the problem of
reservoir sedimentation and ensure the sustainability of reservoirs.

The migration of high-concentration sediment to the front of the dam can cause the interruption of water supply and the
reduction of water storage (Morris & Fan 2010); reservoir siltation is a persistent water resource problem. To maintain reser-
voir capacity and stabilize water supply, it is necessary to develop sediment management and desilting countermeasures to
ensure sustainable operation of the reservoir (Kondolf et al. 2014); reservoir desilting strategies can be divided into four
aspects: catchment area conservation, reservoir dredging and deposition reduction, reservoir storage capacity restoration,
and adaptive strategies (Annandale ef al. 2016; WRA 2020a). However, the planning of reservoir sediment management strat-
egies needs to be multi-adapted or improvement to local conditions. Various strategies are employed to manage sediment flow
into reservoir zones. One common approach involves the construction of check dams upstream of the reservoir, aiming to
reduce sediment inflow and maintain storage capacity (Samad ef al. 2016; Zeng et al. 2022; Zulfan et al. 2023). However,
inflow sediment with fine sediment will eventually be transported to the dam site due to the limited capacity of upstream pre-
vention strategies. Dredging is another method utilized to excavate sediment from the reservoir at regular intervals, excluding
typhoon periods, effectively extending the reservoir’s lifespan (Smith et al. 2013; Ge et al. 2021; Kantoush et al. 2021). In
addition, the implementation of a bypass tunnel is considered an effective sediment release strategy, particularly during
typhoons. This approach allows sediment to be directed through the tunnel to the downstream river, preventing sediment
deposition on the reservoir bed (Albayrak et al. 2019; Boes ef al. 2019; Morris 2020). Various improvement techniques of
artificial countermeasures are also under study to impede sediment flow into the reservoir. The definition of artificial counter-
measure methods involves utilizing man-made structures, also referred to as artificial guiding structures, to enhance desilting
efficiency. Examples include solid obstacles and permeable obstacles at the reservoir bottom (De Cesare et al. 2006; Oehy &
Schleiss 2007; Baghalian & Ghodsian 2020), aiming to enhance the desiltation effect of the reservoir. However, the flushing
channel, when left empty, demonstrates relatively better desilting efficiency (Chen & Tsai 2017; Wang et al. 2020; WRA
2020a). The application of the main channel characteristic concept to the flushing channel is also employed during high-
water-level conditions (Chen 2022). Nevertheless, the location and configuration of the flushing channel change with the
hydrological and hydraulic characteristics of inflow and outflow (Lai & Shen 1996; Wang et al. 2020). To mitigate uncertainty
and facilitate maintenance, this study introduces an innovative concept. It involves utilizing artificial guiding structures
within the flushing channel to enhance desilting efficiency. The concept is to concentrate and accelerate the movement of
turbid inflow water towards the outlet. It is theoretical to increase desilting efficiency and prevent sediment deposition on
the reservoir bottom.

A numerical model is generally considered a promising and effective tool for reservoir desiltation study. The 2D numerical
model seems to be a suitable model for studying such turbidity current inflow in the field reservoir because of the advantages
of the simulation efficiency from the 1D model and the accuracy from the 3D model (Lai 2010). However, the 2D model may
not be suitable for the case of simulation of sediment transportation in reservoirs due to its deep-water condition without
equation modification or considering the reservoir characteristics. This means that the reservoir characteristics, including
geometry, operation, and desilting strategies, will dominate numerical model performance and applicability. Therefore, we
collect relevant studies of the 2D model to realize its applicability. Hu et al. (2012) adopted the 2D turbidity current
model to investigate the turbidity current transport rate in the site reservoir. The results indicated that it could be a valuable
tool for operating the sluice gates to release excess sediment from the reservoir. Huang et al. (2019) found that the 2D model
is capable of predicting the movement of turbidity current toward the dam site and the sluicing out of outlets at different
elevations and is valid to practice for field applications. The study also established guidelines for suitable sensitivity parameter
ranges in the field site and presented that the mesh size and drag coefficient are crucial parameters that need to be considered.
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Anari et al. (2020) indicated that the 2D model is appropriate for simulating the horizontal movement of the turbidity current,
especially the release behavior near the reservoir sluice gates. The most important is that considering sediment transportation
in reservoir management is crucial for ensuring reservoir storage sustainability. The 2D model research related to the estab-
lishment of a desilting channel at the bottom of the Zengwen Reservoir including bottom dredged channels was adapted to
simulate the sediment concentration and desilting efficiency (Chen 2020). Wang ef al. (2020) proposed a strategy through 2D
model simulations that involves compartmentalizing the reservoir. This strategy has shown significant enhancements in terms
of flushing efficiency. The degree of improvement varies based on specific scenarios, encompassing partition desilting, empty
flushing, or a hybrid approach that combines both methods. In addition, the studies of Chen and Tsai (2017) and Wang et al.
(2020) indicate that creating a narrower gorge-like geometry is helpful to increase desilting efficiency. A 2D numerical model
can also be used to simulate the weir area to explore the effect of different types of hydraulic structures on flood control and
deposition reduction (Lee et al. 2021). Hung et al. (2022) used a 2D turbidity currents model to simulate the movement of
turbidity currents and the distribution of sediment concentration in the Shihmen Reservoir area; the outflow discharge
and concentration processes of the desilting facilities were also investigated. Regarding the improvement technique to
enhance the reservoir desiltation efficiency, apart from the field implementation and physical model test, the numerical
model is technically regarded as a consistent and practical analysis approach for turbidity current flow. Lee ef al. (2023a,
2023b) studied a main flushing channel in the current terrain of the Agongdian Reservoir using a 2D numerical model to
set up and analyze the impact of the sedimentation mitigating using steady-state conditions. Therefore, an appropriate 2D
numerical model is valuable and acceptable to study a flushing channel with artificial guiding structures to enhance desilting
efficiency in a reservoir.

2. METHODS
2.1. Study site information

Located in Southern Taiwan, the Agongdian Reservoir encompasses a drainage area of 29.6 km>. It serves as a versatile reser-
voir primarily designed for flood control, safeguarding the Yanchao area against flood levels projected for a 250-year flood.
The reservoir, situated at the confluence of the Wanglai and Zhoushui Rivers, offers additional functions beyond flood regu-
lation. In addition to flood control, the reservoir is effectively utilized for irrigation, recreation, and meeting municipal and
industrial water needs. Its geographical layout involves the northern and southeast inlets of the Wanglai and Zhoushui Rivers
situated on opposing sides (Figure 1). Structurally, the Agongdian Reservoir comprises a dam, a morning glory spillway, and
an intake tower. Two outlets, namely, the spill shaft and the irrigation shaft, are positioned near the dam face. These outlets
play a crucial role in diverting both water and sediment out of the reservoir, contributing to its overall management and
functionality.

Within the Yanchao District of Kaohsiung City, Taiwan, stands the dam of the Agongdian Reservoir, erected in 1953 and
measuring 31 m in height. Regrettably, the reservoir’s potential to attain full capacity is hindered by the accumulation of sedi-
ment. With a broad, short, and shallow configuration, the Agongdian Reservoir was initially designed with a maximum water
level set at an elevation of 40 m, equating to a comprehensive storage capability of 36.7 million m>. Yet, as of 2022, the impact
of sedimentation has been significant. The reservoir has suffered a loss of more than 41.41% of its initial storage capacity
(WRA 2022a). This depletion leaves the reservoir with a mere 15.2 million m® of storage capacity. Notably, an additional gau-
ging station is positioned at the reservoir’s spill shaft, enhancing its monitoring and management.

The primary cause for concern regarding sediment management at the Agongdian Reservoir is the rapid rate of sedimen-
tation (WRA 2020b). This swifter sedimentation is primarily attributed to the substantial sediment yield from the reservoir’s
southeast tributary, the Zhoushui River, which carries two to three times more sediment than the northern tributary, the Wan-
glai River (WRA 2020b). The Zhoushui River is further characterized by a steeper slope and a narrower channel than the
Wanglai River. Consequently, this results in a heightened inflow velocity and the creation of an erosion channel at its
inlet (Chen & Tsai 2017). However, due to the current reservoir configuration, this erosion channel dissipates within the
reservoir without evolving into a continuous flushing channel.

Between 1997 and 2003, an assortment of physical and numerical experiments was conducted to aid the development of
sediment management strategies aimed at revitalizing the storage capacity of the Agongdian Reservoir (WRA 2003). The
culmination of these experiments contributed to the formulation of an engineering design. The outcomes of the physical
experiments highlighted the potential enhancement of sediment release efficiency to 65.3%. This transformation hinged
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Figure 1 | Study site. (a) Reservoir location and study area information; (b, c) field pictures of the flushing channel.

upon the adjustment of the spillway’s opening, coupled with an enlargement of the internal diameter of the spillway
(WRA 2003). With these findings as a foundation, a multi-phase renovation initiative was set into motion and carried
out until 2006. One pivotal aspect of these renovations involved the reduction of the sluice gate’s height on the spill
shaft. This modification aimed at augmenting the outflow discharge and sediment concentration. Following the compre-
hensive implementation of the renovation project, not only did the Agongdian Reservoir’s flood protection capacity
extend to a 10,000-year flood event, but it also succeeded in reinstating the storage capacity to 18.4 million m® by 2006.
The implications of this achievement are noteworthy. For 53 years, the reservoir’s storage capacity dwindled from an initial
36.7 to 18.4 million m>, equating to a deposition rate of around 0.35 million m® annually. However, following the com-
pletion of the renovation project, the deposition rate witnessed a decline to 0.20 million m* per year during the period
spanning from 2006 to 2022.

The intended benefits of the renovation project have encountered limitations stemming from diverse pressures, including
the desire to maintain a scenic waterscape for tourism and concerns regarding downstream safety. These pressures have led to
alterations in the reservoir’s operational approach, impeding the primary objective of enhancing desilting efficiency. Conse-
quently, the existing water storage operation is curtailed during non-typhoon periods. In addition, when confronted with
typhoons or heavy rainfall, the maximum allowable outflow discharge is restricted to 90 m®/s to mitigate downstream flood-
ing. In light of these challenges, a novel concept for improvement has been introduced. This concept aims to bolster desilting
efficiency even within the constraints of such operational conditions.
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Since the 2006 renovation and improvement, a flushing channel gradually emerged in the middle of the reservoir, formed
by the scouring action of the Zhuoshui River. Starting in 2019, the Water Resources Agency (WRA) expanded and excavated
this artificial deep channel along the gully to facilitate sediment flushing. However, due to varying hydrological conditions
and reservoir flood and sediment prevention operations, the position, depth, and geometric shape of the flushing channel
may change. Therefore, if artificial guiding structures, such as steel sheet piles along both sides of the main channel, can
be employed to stabilize its form, it would be beneficial for maintenance and quantifying the effectiveness of sediment pre-
vention. Consequently, the concept of applying steel sheet piles to enhance desilting efficiency is introduced in this study. This
study is initiated for this reason and initially adopts a flushing channel with a width of 15 m, height of 1.5 m, and a slope of
approximately 1/300 based on the current situation for further exploration. The location, length, and height of steel sheet
piles are listed in Figure 2 and Section 2.4.

2.2. Numerical methodology

2D models hold significant value for reservoir and water managers due to their capacity to account for intricate topographies
and flow characteristics. The Sedimentation and River Hydraulics (SRH-2D) model, a numerical tool adept at portraying two-
dimensional hydraulic and sediment transport phenomena, has proven its utility in this domain (Huang ef al. 2019; Wang
et al. 2020). The model’s capabilities extend to the simulation of various flow conditions, encompassing steady, quasi-
steady, and unsteady flows. Furthermore, it accommodates both cohesive and non-cohesive states for sediment transport.

(a) (b)
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Figure 2 | Simulation. (a) Grids; (b) elevation without steel sheet piles; (c) elevation with north steel sheet piles; (d) elevation with north and
south steel sheet piles.
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Notably, the model offers the flexibility to opt for multi-size sediment transport, incorporating features like bed sorting and
armoring (Lai 2010). This comprehensive functionality enables the SRH-2D model to be an indispensable tool in assessing
diverse scenarios of sediment transport and hydraulic behavior. The SRH-2D model exhibits the capability to anticipate
alterations in the bed profile through the tracking of non-equilibrium sediment transport. This encompasses scenarios invol-
ving suspended, mixed, and bed loads on various types of beds including granular, erodible rock, or non-erodible substrates,
in addition to accounting for bank erosion (Lai 2020). For most open channel flows, their shallowness renders vertical
motions negligible in terms of their impact. Consequently, the three-dimensional Navier-Stokes equations can be averaged
vertically to yield a set of depth-averaged 2D equations, which subsequently gives rise to the standard St. Venant equations.
The model employs these equations, rooted in mass conservation and momentum principles, to solve the underlying hydrau-
lic mechanisms, as depicted in Equations (1)-(3):
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where 4 is the water depth; ¢ is the time; U and V are the depth-averaged velocity components in x and y directions, respect-
ively; x and y are the horizontal Cartesian coordinates; Ty, Txy, and T,y are the depth-averaged stresses due to turbulence and
dispersion; g is the gravitational acceleration; z =z, + & is the water surface elevation; z; is the bed elevation; 7, and 7, are
the total bed shear stresses; and p is the water density.

For sediment transport, each sediment size in the water column is governed by the following non-equilibrium mass conser-
vation Equation (4):
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In the above equation, Cy, is the depth-averaged sediment concentration by volume and subscript k denotes that the variable
is for sediment size class k, ay, is the angle of the sediment transport direction relative to the x-axis, 3 is the sediment-to-flow
velocity ratio, V; = vU? + V2 is the depth-averaged flow velocity, f is the transport mode parameter representing the sus-
pended load fraction, D, and D, are the sediment mixing coefficients in the x and y directions, respectively, and S, is the
sediment exchange rate between sediments in the water column and those in the active layer or on the bed.

Bed elevation changes are a cumulative result influenced by sediment size classes. These changes are calculated by asses-
sing the net sediment exchanges between particles in the water column and those within the active layer. The change in z, due
to sediment size class & obeys the following equation:

0zp\ o G — BrVihCy
MNa,k (§>k_ Vi = *Ty )

where 1,, = 1 — o, is the porosity parameter of the active layer, o, is the porosity for sediment size class k in the active
layer, V, is the net volumetric rate of erosion per unit area (or net rate of eroded depth) for size class &, gy, s the total load
transport capacity for sediment size class k, and Ly, is the bed load adaptation length for sediment size class k. The above
equation provides the net erosion and deposition of the sediments, which would alter the sediment contents in the active
layer. The above detailed descriptions of governing equations from Equations (1)-(5) can be found in Lai (2020).
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2.3. Initial and boundary conditions

This study involved the utilization of the SRH-2D model, necessitating the provision of boundary, surface, and bottom con-
ditions as identified and calculated in the preceding phase. For the upstream boundary conditions, hourly discharge
hydrographs were utilized. These hydrographs integrated regressed sediment discharge information collected from two key
gauging stations. The Bailing Culvert station is situated along the Zhuoshui River, and the Doulao Temple station is situated
along the Wanglai River (Wang et al. 2020). In contrast, the downstream boundary was defined using discharge hydrographs
extracted from the spill shaft and the irrigation shaft. As in the WRA (2015) investigation, landslides from the upstream catch-
ment emerged as the primary sediment source for the reservoir. Consequently, it was deduced that sediment inflow from the
downstream catchment could be reasonably disregarded. To devise an effective predictive approach for the field site, this
study diligently assembled four comprehensive sets of time-series field data. These encompassed the hydrological records
for inflow and outflow alongside sediment-related data. The amalgamation of these data sets played a pivotal role in the for-
mulation of a valuable predictive framework tailored to the conditions of the site.

Moreover, pertinent data to be input into the two-dimensional model included a mesh network generated from contour
maps, data on bottom roughness, and the median size of sediment diameters. Of paramount importance is the calibration
of parameter settings, as it plays a pivotal role in ensuring the accuracy of simulations conducted at the field site. To suit
the numerical model’s requirement of representing the reservoir’s topography with cells and nodes, the Surface Water Mod-
eling System software was employed. This software, utilizing contour maps as its foundation, was responsible for generating
boundaries, meshes, and defining areas of bottom roughness. To commence this process, contour maps were initially con-
structed by incorporating the data obtained from topography surveys conducted at the year end. These maps portrayed the
reservoir impoundment’s topography before the occurrence of any typhoons during that specific year. The employed topo-
graphic survey data were systematically conducted within an expansive 145-ha area characterized by a water surface
elevation of 40 m. To meet the computational demands, a suggested mesh number exceeding 4,000 (Huang et al. 2019)
was adopted. In this study, a substantial 104,615 mesh configuration was employed, featuring a cell size spanning from 2
to 15 m to facilitate the simulation procedures. The calibration of Manning’s roughness coefficient, fundamental to modeling
the reservoir, involved a comparison between computed and observed water surface profiles.

Drawing inspiration from Wang et al. (2020), a Manning roughness coefficient of 0.020 was adopted in accordance with
their recommendations. Complementing these coefficients, data regarding bottom roughness was included. In addition, a
consistent median sediment diameter size of approximately 0.039 mm was gathered for the entire impoundment area, draw-
ing from the findings of Lee ef al. (2023a).

The execution of the SRH-2D model encompassed two distinct steps: first, the initiation of a flow routine model; sub-
sequently, the implementation of a mobile-bed model to facilitate the generation of concentration plots based on specific
hydrological circumstances. The simulation’s temporal intricacies were calibrated, with a time step set at 1s and a result
output frequency established at 1 h. In terms of the turbulence model, a parabolic model was embraced, while sediment-
specific parameters were also outlined. The density for sediment was defined at 2,700 kg/m>, while the sediment transport
capacity equation adhered to Parker’s (1990) formulation.

2.4. study cases

Based on field measurement data in the last decade, the historical typhoon events and valued data collection are selected for
numerical model verification (Wang et al. 2020). According to the parameters referenced and the model simulation settings
mentioned in Section 2.2, Typhoons Fanapi, Talim, Megi, and Nesat were chosen for model calibration and verification. The
basic hydrological condition is presented as listed in Table 1.

After model calibration and verification, two application scenarios using a flushing channel with artificial guiding struc-
tures are presented to investigate the desilting efficiency and sediment transportation in the Agongdian Reservoir. By
complementing artificial guiding structures, such as steel sheet piles along both sides of the main channel, it is possible to
control and maintain the turbid inflow mechanism of the Zhuoshui River. In addition to expecting to achieve high-concen-
tration sediment collection and increase desilting efficiency using artificial guiding structures, there is also the benefit of
reducing sediment deposition in the reservoir. This approach is also advantageous for annual maintenance and mechanical
dredging operations. Consequently, the concept of applying steel sheet piles to enhance desilting efficiency is introduced in
this study. The location, length, and height of steel sheet piles are listed in Figure 2 and Table 2.
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Table 1 | Model calibration and verification cases

Typhoon events Zhuoshui River peak flow rate (m3/s) Wanglai River peak flow rate (m?/s) Initial water level (m) Return period
Typhoon Fanapi 73.56 32.84 31.64 <Q1l.11
Typhoon Talim 64.51 25.14 30.45 <Ql.11
Typhoon Megi 174.76 213.60 34.53 Q5-Q10
Typhoon Nesat 125.46 153.34 30.28 Q2-Q5

Table 2 | Research scenarios

Zhuoshui River peak Wanglai River peak Initial water Return

Cases Artificial guiding structures (length and elevation) flow rate (m3/s) flow rate (m/s) level (m) period Events
Casel-l1 - 47 81 28 Q1.11 Normal
Casel-2 47 81 30 Ql.11 Normal
Casel-3 161 278 28 Q10 Medium
Casel-4 363 627 28 Q1000 Extreme
Case2-1 North 47 81 28 Ql.11 Normal
Case2-2 (length is 1,387.2 m with EL. 32 m) 47 81 30 QL11 Normal
Case2-3 161 278 28 Q10 Medium
Case2-4 363 627 28 Q1000 Extreme
Case3-1 North 47 81 28 Q1.11 Normal
Case3-2 (sliﬂfﬁh is 1,587.2 m with EL. 32 m) 47 81 30 QL11  Normal
Case3-3 (length is 656.9 m with EL. 32 m and 161 278 28 Q10 Medium
Case3-4 length is 710.3 m with EL. 30 m) 363 627 28 Q1000 Extreme
Case3-5 88 152 28 Q2 Normal
Case3-6 131 227 28 Q5 Medium
Case3-7 200 345 28 Q25 Severe
Case3-8 229 396 28 Q50 Severe
Case3-9 290 500 28 Q200 Extreme
Case4-1 North 47 81 28 Q1.11 Normal
Cased-2 (Sleﬁﬁtlh is 1387.2m with EL. 32 m) 47 81 30 QL11  Normal
Cased-3 (l(e)ngth is 656.9 m with EL. 32 m and 161 278 28 Q10 Medium
Case4-4 length is 710.3 m with EL. 32 m) 363 627 28 Q1000 Extreme

To ensure the robustness of the simulation model across various scenarios, additional return period scenarios were incorpor-
ated, as listed in Table 2. These scenarios ranged across different disaster scales, namely, slight, medium, and extreme and were
introduced to assess the model’s consistency. In addition, the normal, medium, severe, and extreme classifications between the
Q1.11 and Q1000 return periods are distinguished to study the desilting effect change. Based on the main inflow sediment
coming from the Zhuoshui River, one improvement concept, Case 2, is to construct steel sheet piles at the north part of the
existing flushing channel to prevent sediment transportation into the relatively clear water area. The second improvement con-
cept, Case 3, considers a narrow and constrained channel using steel sheet piles at both sides of the existing flushing channel to
concentrate sediment transportation and expects to increase the desilting efficiency of the spill shaft. However, based on the
engineering costs, constructability, safety, and operational maintenance concerns, different heights of steel shafts on the
southern side from upstream to downstream were adapted for this study (WRA 2022b). The downstream part of the south
steel sheet piles is designed at a lower elevation to guide overflow discharge mainly toward the Southern part of the reservoir.
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In addition, we have added Case 4 condition of uniform-height steel shafts between the northern and southern parts to further
discuss the desilting performance. The topographic condition in 2022 is adapted as a background for four cases. The design
simulation cases and their related topographic terrain are listed and shown in Table 2 and Figure 2. In addition, the design

hydrograph of 29 h is adapted for the unsteady simulation, and the inflow sediment load is regressed using inflow discharge
(WRA 2020b).

3. RESULTS AND DISCUSSION
3.1. Model calibration

Typhoons Fanapi, Talim, Megi, and Nesat were selected for model calibration, as field data were available. The total simu-
lated field time was 43, 76, 72, and 46 h, respectively. The calibrated model results were simulated and compared with the
field data in Figure 3. The root-mean-squared error and mean absolute error values were 1,450 and 921 mg/L in the

(a) 8000

(b)

© Measured
7,000 A

© Measured
-=-Simulated

-=-Simulated

g

o

Concentration (mg/L)

Boopis-~- FRFo o \ o= P
oo ‘-Q_?C:D_og}o % "J..é '\“
] ,:dooo "N

} o wm._

[

-

0 10 20 30 40 50 0 10 20 30 40 50 60 70
Time (hr)

Time (hr)
(c) 20.000

80

18,000 © Measured

0 Measured
==-Simulated

==-Simulated

—— o
= ]

e —————
————

————————
p——
o]

L T
—————_0

0 I'O 20 3'0 40 Sb 60 7'0
Time (hr) Time (hr)
14,000

40 50

—_
(9]
—

12,000 y=1.0373x

R*=0.654
o]
10,000

8000

6000

Measured (mg/L)

4000 o

6000 8000 10,000 12,000 14,000
Simulated (mg/L)

Figure 3 | Comparison of simulated and measured data of typhoons (a) Fanapi, (b) Talim, (c) Megi, and (d) Nesat. (e) Correlation performance.
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comparison between simulated and measured data, respectively. The calibrated process led us to establish the model run pro-
cedure and identify key model parameters, as mentioned in Wang ef al. (2020) and Huang ef al. (2019), that are satisfied for
this study application.

Based on four calibration cases, the correlation value between the simulation and measurement is drawn in Figure 3(e). The
correlation value is about 0.654. Although the correlation value is not satisfactory, the tendency and values of simulated
results also provide a reference and convincing value for this study.

3.2. Hydraulic and sediment transport simulation

For the simulation results of the hydraulic pattern and sediment transport in Table 3, the results of four topographic terrain
conditions (Case 1, Case 2, Case 3, and Case 4) are discussed in this section.

First, the 2D simulation in this study depicts the peak inflow with the return period of the Q1.11 flow scenario. The flow
velocity at the time of peak inflow with an initial water level of Elevation (EL.) 28 m, sediment concentration, and shear stress
distribution are shown in Figure 4. From Figure 4, it can be observed that in the scenario without steel sheet piles (Case 1), the
inflow turbid flow from the Zhuoshui River easily diffuses and spreads to the northern part of the reservoir area, with signifi-
cant sediment accumulation in certain areas.

In the scenario with north steel sheet piles (Case 2-1), the inflow turbid flow from the Zhuoshui River is effectively concen-
trated within the flushing channel area, but there is still some sediment transport to the southern side of the flushing channel
area. However, the sediment accumulation distribution on the north side of the flushing channel area improves compared to
Case 1-1. In the scenario with additional steel sheet piles on the south side of the flushing channel area (Case 3-1 and Case 4-
1), steel sheet piles with an elevation of EL. 32 m on the south side can concentrate the turbid flow within the flushing chan-
nel area toward the dam. However, there is still some turbid water overflow from the southern side of the EL. 30 m steel sheet

Table 3 | Simulated results of outflow items and desilting efficiency

Desilting efficiency (=total outflow sediment

Total inflow Total outflow Max. outflow yield/total inflow sediment yield) of the spill shaft Variation of desilting
Cases sediment yield (ton) sediment yield (ton)  concentration (mg/L) (%) efficiency (%)
Casel-1 27.46 17.31 11,779 63.04 -
Casel-2 27.46 17.11 11,769 62.31 -
Casel-3 165.19 107.28 19,847 64.94 -
Casel-4 539.75 360.9 20,300 66.86 -
Case2-1 27.46 21.18 21,823 77.13 14.09
Case2-2 27.46 20.41 21,052 74.33 12.02
Case2-3 165.19 117.29 22,525 71.00 6.06
Case2-4 539.75 370.43 22,550 68.63 1.77
Case3-1 27.46 22.15 22,267 80.66 17.63
Case3-2 27.46 21.87 21,663 79.64 17.33
Case3-3 165.19 125.23 22,652 75.81 10.87
Case3-4 539.75 389.34 23,204 72.13 5.27
Case3-5 68.57 53.94 22,408 78.66 -
Case3-6 129.98 99.86 22,535 76.83 -
Case3-7 226.33 168.61 22,736 74.50 -
Case3-8 276.28 203.65 22,822 73.71 -
Case39 388.59 281.72 23,000 72.50 -
Case4-1 27.46 22.73 26,229 82.80 19.76
Case4-2 27.46 22.45 25,517 81.75 19.44
Case4-3 165.19 128.94 26,389 78.06 13.11
Case4-4 539.75 394.34 29,333 73.06 6.20
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Figure 4 | Simulated velocity, concentration, and shear stress distribution of initial water level of 28 m under the Q1.11 flow scenario at peak
inflow discharge. (a) Case 1, (b) Case 2, (c) Case 3, and (d) Case 4.

piles in Case 3-1 to the southern part of the reservoir area. The sediment accumulation distribution on the southern side of the
segment shows improvement compared to Case 2-1.

The simulation results of a return period of the Q10 flow scenario and an initial water level of EL. 28 m for the Agongdian
Reservoir are shown in Figure 5. From Figure 5, it can be observed that in the scenario without artificial guiding structures
and with an increased flow, the turbid flow from the Zhuoshui River is influenced by the influx from the Wanglai River. As a
result, the inflow turbid water is concentrated in the middle part of the reservoir area and is less prone to be transported to the
spill shaft as in the Q1.11 flow scenario. Significant sediment accumulation occurs in most areas of the reservoir. In the scen-
ario with a flushing channel and north steel sheet piles (Case 2-3), most of the inflow turbid flow from the Zhuoshui River is
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Figure 5 | Simulated velocity, concentration, and shear stress distribution of initial water level of 28 m under the Q10 flow scenario at peak
inflow discharge. (a) Case 1, (b) Case 2, (c) Case 3, and (d) Case 4.

effectively concentrated within the flushing channel area. Some turbid water flows into the southern part of the reservoir area,
resulting in noticeable conditions. Sediment accumulation occurs on both the north and south sides of the flushing channel,
but the sediment accumulation on the north side is less than in Case 1-3. In the scenario with additional steel sheet piles on
the south side of the flushing channel (Case 3-3 and Case 4-3), the flow conditions on the south side of the reservoir upstream
part are similar to Case 2-3. However, some of the turbid water that flows through the southern EL. 30 m steel sheet piles to
the spill shaft in Case 3-3 will overflow to the southern part of the reservoir, and the overall sediment accumulation in the
reservoir downstream area is similar to Case 3-1.
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Finally, a return period of the Q1000 flow scenario and an initial water level of EL. 28 m for the Agongdian Reservoir is
simulated, as shown in Figure 6. From Figure 6, it can be observed that in the scenario without artificial guiding structures and
with increased flow (Case 3-4 and Case 4-4) compared to Case 3-2 (Case 4-2) and Case 3-1 (Case 4-1), the turbid flow from the
Zhuoshui River is influenced by the influx from the Wanglai Stream, yielding similar results to Case 1 and Case 2. The
increased inflow discharge causes the inflow turbid water to tend toward the right bank in the middle and lower reaches
of the reservoir, leading to turbulent flow within the reservoir and significant sediment accumulation in most areas of the
reservoir. The extent and height of sediment accumulation increase compared to the Q10 flow scenario. In the scenario
with north steel sheet piles, the inflow turbid water is more concentrated in the middle and upper reaches of the reservoir,
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Figure 6 | Simulated velocity, concentration, and shear stress distribution of initial water level of 28 m under the Q1000 flow scenario at
peak inflow discharge. (a) Case 1, (b) Case 2, (c) Case 3, and (d) Case 4.
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with some turbid water overflowing to the northern and some turbid water flowing back to the southern part of the reservoir.
The sediment accumulation on the north side of the flushing channel is less than in Case 1-4, but there is an increase in sedi-
ment accumulation on the south side. In the scenario with additional steel sheet piles on the south side of the flushing
channel (Case 3-4 and Case 4-4), the flow conditions are similar to Case 3-3 and Case 4-3, but the concentration near the
spill shaft is higher. The sediment accumulation on the south side of the flushing channel improves compared to Case 2-4
but only in the segment at the upper part of the south steel sheet piles. Overall, in the Q1000 flow scenario, the sediment
concentration of the spill shaft is slightly higher than in the Q10 flow scenario. It can partially improve sediment accumu-
lation in certain areas of the reservoir, but the effectiveness is also limited.

3.3. outflow performance and desilting efficiency

In this study, the 2D numerical model at the Agongdian Reservoir was used to control the flow rates, sediment transport, and
concentration variations at the inflow and outflow boundaries. The cumulative inflow and outflow sediment volumes, maxi-
mum outflow sediment concentrations, and sediment desilting efficiencies for various simulated scenarios were summarized,
as presented in Table 3. From the sediment desilting efficiency ratios calculated in Table 3, it can be observed that under
different scenarios of water levels, the sediment desilting efficiency at the lower water level (EL. 28 m) is slightly better
than that at the higher water level (EL. 30 m), with increases in maximum outflow concentration and accumulated outflow
sediment yield but with shorter transportation time. Under different inflow rate scenarios (Q1.11, Q10, Q1000), the accumu-
lated outflow sediment yield and maximum outflow concentration are directly proportional to the flow rate. However, the
desilting efficiency has a different trend between the basic topographic condition (Case 1) and the improvement conditions
(Case 2 and Case 3). It reveals that the desilting efficiency values decrease with the inflow rate in Case 2 and Case 3 compared
to Case 1. However, the artificial guiding structures have a negative effect on desilting efficiency under the same topographic
condition (Case 2 or Case 3), even though the desilting efficiency values are both higher than in Case 1.

Under three topographical conditions, the desilting efficiency in Case 3 is larger than in Case 2, and Case 1 has a minimum
value. When the initial water level is 28 m under the Q1.11 flow scenario, the desilting efficiency decreases by 14.09% (Case 2-1)
and 17.63% (Case 3-1) scenario. When the initial water level is 30 m under the Q1.11 flow scenario, the desilting efficiency
increases by 12.02% (Case 2-2) and 17.33% (Case 3-2). However, the values of desilting efficiency decrease with inflow rate
in Case 2 and Case 3 at the same topographical condition. If both sides of the flushing channel have artificial guiding structures
(Case 3), the desilting efficiency increases by 3.54, 4.81, and 3.50% compared to the case where only one side has artificial guid-
ing structures (Case 2) when the initial water level is 28 m. When the initial water level is 30 m, the desilting efficiency increases
by 5.31% (difference between Case 3-2 and Case 2-2), and the value is slightly larger than the initial water level in the 28 m
condition (difference between Case 3-1 and Case 2-1). However, the desilting efficiency in Case 3 is superior to that in Case
2 under three flow conditions (Q1.11, Q10, Q1000).

If practical considerations are negligible, we investigate the desilting efficacy of a uniform-height steel shaft between the
north and south in Case 3 and Case 4. The results, presented in Table 3 under Q1.11, Q10, and Q1000 scenarios, demonstrate
a consistent increase in simulated desilting efficiency. The enhanced desilting efficacy (Case 3 compared to Case 4) ranges
between 2.25 and 0.93%. These findings suggest that a fully uniform-height steel shaft in the flushing channel between the
north and south can significantly improve desilting efficiency. However, practical engineering constraints in Case 4 limit
its implementation, with increased desilting efficiency restricted, especially during extreme events. Therefore, we recommend
deploying Case 3 as a valuable and feasible option for engineering applications.

Based on desilting efficiency simulation between normal and extreme events with artificial guiding structures (Case 3), the
trend of desilting efficiency shows a slowdown slope performance, as shown in Figure 7. It reveals that the benefit of desilting
efficiency decreases when inflow discharge increases. The slope change of the linear regression formula shows a 10 times
difference between normal and extreme events. In addition, the lower bond of desilting efficiency of extreme events seems
to have a 72.13% value, and the value is higher than the current condition of 66.86%. It has a 5.27% increasing value of desilt-
ing efficiency in extreme hydrological conditions. The higher performance of desilting efficiency happens in normal
hydrological conditions, and it has a 17.63% increasing value.

4. CONCLUSIONS

Based on the simulated results of three topographical conditions, the desilting efficiency increases when artificial guiding
structures of steel sheet piles are created. The increased desilting efficiency ranges from 17.63 to 1.77% in different flow
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Figure 7 | Trend of desilting efficiency. (a) Distinguished trend of normal, medium, severe, and extreme in Case 3. (b) Comparison between
normal and extreme events of Case 1 and Case 3.

scenarios. Not only the sediment concentration can be concentrated inside the flushing channel, but also the sediment trans-
portation speeds up. The arrival time of inflow turbid water is earlier due to the constriction of the flushing channel. However,
the significant desilting efficiency benefit occurs in the Q1.11 flow rather than in the Q10 and Q1000 flow scenarios due to
the capacity of the flushing channel and outlet. When the inflow discharge is larger than the capacity of the flushing channel,
the inflow turbid flow will overflow to the ambient reservoir area and decrease the desilting efficiency of the spill shaft. In
addition, the steel sheet piles will constrain the flow field, resulting in decreased consequence of desilting efficiency as the
hydrological conditions become more extreme. Even though there is a negative effect, the steel sheet piles created on both
sides of the flushing channel can help improve desilting efficiency and are valuable to sediment management. Based on
the simulation results, the lower bond of desilting efficiency is 72.13% during extreme events. In addition, applying artificial
countermeasures to enhance desilting efficiency yields an increasing value from 5.27% during extreme hydrological events to
17.63% during normal hydrological events.
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However, this study represents only interim results at the current stage. There are still shortcomings in this study or areas
that warrant further investigation. We present three potential suggestions for future work: the first involves the variation in
the geometry of the flushing channel, the second concerns the deployment of steel shafts, and the third relates to the oper-
ational uncertainty of reservoir desilting sequences. We believe that these relevant studies could be more beneficial and serve
as references for reservoir sediment management.
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